A detailed analysis of the structural parameters and dynamic parameters of hard water solutions under an external electrostatic field was performed by molecular dynamics (MD) 
Introduction
The scale issue is a key problem in heat exchangers, such as cooling towers and boilers. Scaling causes at least two problems: degradation in the performance of heat exchangers and a decrease of ow rate or an increase in pressure drop across the heat exchanger. To solve the scale problem, electrostatic antifouling (EAF) systems are used. Many researchers have studied the anti-fouling mechanism of the EAF system. Calcium carbonate is the main component of water scale. Therefore, the vast majority of researchers who investigate the anti-fouling mechanism of EAF systems focus on the effect of electromagnetic elds on calcium carbonate. It mainly includes two aspects: the formation process of calcium carbonate crystallization and the change in the crystal structure of scale under an electromagnetic eld. Qi et al. 1 investigated the effect of an electric eld (EF) on the crystallization of calcium carbonate. Their results showed that the lattice structure and crystalline morphology of CaCO 3 can be tailored by the electric eld applied to the solution during its crystallization. Liu et al. 2 found that the content of aragonite increased in the scale sample formed in electrostatic water.
However, although the composition of scale is mainly calcium carbonate, there is a small amount of precipitation formed by Mg 2+ ions, such as magnesium carbonate and magnesium hydroxide, which are produced by Mg 2+ and exist in natural water at high temperatures. Therefore some researchers have studied the effect of Mg 2+ ions on the crystal structure of calcium carbonate. Mitsutaka Kitamura 3 studied the crystallization and transformation mechanisms of calcium carbonate polymorphs under the effect of Mg 2+ . The experimental results
showed that Mg 2+ ions can inhibit the growth of calcite and suppress vaterite transformation to calcite. Gutjahr et al. 4 studied the inuence of the divalent cation Mg 2+ on the growth and dissolution rates of calcite and aragonite. The results showed that ions of the transition metals exhibit stronger inhibition than earth alkaline ions, and Mg 2+ has no inuence on the growth and dissolution of aragonite. DeLeeuw 5 found that the presence of magnesium and iron ions inhibits calcite growth using molecular dynamics simulations. However, the inuence on the microcosmic particle structure in aqueous solutions containing impurity ions under an electrostatic eld has received less attention.
There are almost no CO 3 2À ions in hard water because of the very low solubility of calcium carbonate. But many HCO 3 À ions exist. Ca 2+ ions exist in aqueous solution as hydrated ions.
These hydrated ions are also combined with other water molecules by hydrogen bonding. [6] [7] [8] The structural and dynamical properties of Ca 2+ directly affect the formation, growth and crystal structure of calcium carbonate precipitation. Therefore, research to determine the inuence of an electrostatic eld and Mg 2+ ions on the structure and dynamics of hydrated Ca 2+ may help discern the anti-fouling mechanism of EAF technology.
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In the present study, a mixed solution of calcium chloride and magnesium chloride was chosen. The structure and dynamics performance of the CaCl 2 aqueous solution (the viscosity of the CaCl 2 aqueous solution, the location of the rst water shell of Ca 2+ , the structure of the hydrated Ca 2+ and the self-diffusion coefficient of Ca 2+ and water molecules, and the hydrogen bonding in solution) under an external electrostatic eld with different numbers of Mg 2+ ions added were studied using MD simulations.
Model and simulation details
The MD simulation used in the present study was an equilibrium MD simulation process. All MD simulations in this work were performed using the Gromacs 5.0.2 soware. 18 The length of the simulation box is 4 nm Â 4 nm Â 3 nm. To study the effect of Mg 2+ on the CaCl 2 aqueous solution system under the electrostatic eld, four sets of aqueous solution systems were built as shown in Table 1 . The concentration of the CaCl 2 aqueous solution was 4 mol kg À1 , and the concentration uncertainties between simulations and experiments were below 0.5%. 12 The SPCE model was adopted for water molecules in our work. The GROMOS force eld [19] [20] [21] was used in this simulation for ion-water interactions. For Lennard-Jones interactions, a cut-off was applied at 0.7 nm, while electrostatic interactions were treated with the particle mesh Ewald (PME) 20 method and a real space cut-off of 0.7 nm. The value of Fourier spacing is 0.12 nm. Table 2 presents the Lennard-Jones potential parameters for particles used in the GROMOS force eld. The time step used for all the simulations was 2.0 fs. The simulation time was 2.5 Â 10 4 ps. Averages of parameters (except the data of the self-diffusion coefficient) were obtained from the last 1.5 Â 10 4 ps of every simulation and the averages of parameters were obtained by calculating the average value of 1.5 Â 10 4 ps, which was divided into ten segments. The type of integration algorithm for the equations of motion is the Leap frog algorithm. The temperature was set at 300 K. The pressure was set at 1.01 Â 10 5 Pa. All simulations were carried out in NPT ensembles.
The study consists of two parts. In the rst part, a different number of Mg 2+ ions was added to the CaCl 2 aqueous solution compared to the condition of no Mg 2+ ions added. In the second part, an external electrostatic eld was added compared to the condition of no electrostatic eld. The electrostatic eld had an intensity of 1 V mm À1 . The electrostatic eld was applied along a given direction (corresponding to the y-axis). 
where r i (t) is the molecule position i at time t, hence r i (0) is the initial position and the bracket represents the ensemble average. A specic step in calculating the self-diffusion coefficient of particles is to t the slope of the linear portion of the mean square displacement (MSD) and to divide by 6. The linear portion of the MSD is determined by the RANSAC algorithm. RANSAC is an algorithm for the robust tting of models in the presence of data outliers. Fig. 1(a) shows that the external electrostatic eld can make the self-diffusion coefficient of water molecules larger no matter how many . When the electrostatic eld is applied to the pure water solution, the order of the water molecules and the strength of the hydrogen bonds are enhanced, which decrease the selfdiffusion coefficient of the water molecules. 31 It means that the electrostatic eld strengthens the correlation ability of the water molecules and the hydrogen bond network in a pure water solution. However, the results in Fig. 1(a) show that the electrostatic eld can make the self-diffusion coefficient of water 
Dynamical residence time
The residence time is another important parameter related to the dynamic structure of the solution. 32 The residence time describes the stability of the water molecules, and is related to the strength of hydration. 33 Dynamical residence time g res is dened as how long an atom or ion stays in a certain shell of another atom or ion. 12 In the present paper the dynamical residence time of water molecules in the rst hydration shell of Ca 2+ was studied to investigate the translational dynamics of the water molecule. The dynamical residence time was calculated using eqn (2):
where N h is the hydration number of the shell, and g i is the residence time of the water molecule i, which is calculated with eqn (3):
where t i is the total time length (picoseconds, ps) of water molecules i staying at the layer assigned, and n i is the number of times water molecules i leave and come back to the layer assigned. Table 3 , the values of g res are distributed in the range of 3 to 5 ps, which are similar to the results given in the literature. The increase in the mean Fig. 4 Distribution of the hydrogen bond angle q without an electrostatic field (solid line) and with an electrostatic field (dashed line). Table 3 , the electrostatic eld can make the mean dynamical residence time of water molecules around Ca 2+ in the four representative CaCl 2 aqueous solutions decrease. This is because the activity of water molecules is enhanced by the electrostatic eld, which makes the water molecules around Ca 2+ move in and out of the rst shell much more frequently. Therefore the mean dynamical residence time of water around Ca 2+ decreased.
Viscosity of the CaCl 2 aqueous solution
The dynamic viscosity of a liquid is a kinetic property that inuences the rates of conformational changes of solutes in the liquid. It can be inuenced by an electrostatic eld. 38 The viscosity (h) can be calculated using the following equation:
where r and V are the density and velocity, respectively; A is a constant 38 and from a cosine that satises both conditions: Table 4 The
Without an electrostatic eld
Under an electrostatic eld 
where l z is the height of the box. We dene the instantaneous V in the simulation as a Fourier coefficient:
where v i,x is the x component of the velocity; r i,z is the z coordinate; m i is the mass of an atom. The average of V can be measured aer the amplitude of the velocity prole has been fully developed. Fig. 2 shows the viscosity of four representative CaCl 2 aqueous solutions under an electrostatic eld. The values under no electrostatic eld are presented for comparison. From Fig. 2 The dynamic viscosity can be described as a type of friction caused by the uid's motion inside the solution system. Its value is proportional to the number of carbon-hydrogen bonds and the particles' molecular weight in the solution system. It should be realized that the viscosity is a macroscopic property that represents the average behaviour of a large number of water molecules in aqueous solution.
32 Therefore, the change in dynamic viscosity can be attributed to the changes in the structural and dynamics parameters of water molecules. Bakker 32 found that the large inuence of some ions on the viscosity of water is due to the long lifetime of their rst hydration shells using molecular dynamics simulations. The longer residence times of the water molecules in ion hydration shells strongly increases the viscosity. Since CaCl 2 is an inorganic salt in an aqueous solution, there is no carbon-hydrogen bond in it. Therefore, the decrease in the viscosity of the CaCl 2 solution should only be attributed to the changes in the structural change and dynamics parameters of water molecules. Combined with Fig. 2 increase as discussed earlier, which can also increase the viscosity of the CaCl 2 aqueous solutions. This result can also match with the data in Fig. 1 . The activity of water molecules is related to the viscosity of the solution. According to Fig. 1 39, 40 In the Gromacs soware, the hydrogen bond is dened as the distance from a donor to an acceptor, which is less than the van der Waals (VDW) distance of 3.5Å (r) and the angle of the hydrogen-donor-acceptor is smaller than 30 . 41 Fig. 3 shows the geometrical hydrogen bond criterion. In the present study receptors and donors are oxygen atoms in water molecules. The hydrogen bond angle calculated in this study is :
which is a useful angle oen used in the literature that provides valuable insight into the exibility of donor hydrogen bonds.
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When a molecule forms hydrogen bonds with another molecule, the overall hydrogen bonding potential of the molecule becomes larger. However, the angle variation will change the distance between atoms and the Coulomb force and van der Waals (VDW) force will also change, which inuences the stability of hydrogen bonds. A hydrogen bond can be broken by an increase of water rotation (increasing q).
Fig . 4 shows the distribution of the hydrogen bond angle q under the electrostatic eld and the value under no electrostatic eld is presented for comparison. Fig. 5 shows the distributions of the hydrogen bond angle q under no electrostatic eld and under the electrostatic eld with different numbers of Mg 2+ ions added, respectively. For clarication, the peaks are enlarged in the small gures. The distributions of the hydrogen bond angle q shown in Fig. 4 and Fig. 5 are Poisson distributions, which are similar to those obtained from other simulations.
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It can be seen in Fig. 5(a) that under no electrostatic eld the peak coordinates of the distribution of the hydrogen bond angle q are (11.5, 0.0560083), (9.5, 0.0569745), (8.5 and thirty Mg 2+ ions are added, respectively, under an electrostatic eld, the peak coordinates of the distribution of the hydrogen bond angle q are (9.5, 0.0585088), (8.5, 0.0585088), (8.5, 0.0592885) and (7.5, 0.0558013). It is shown in Fig. 5(a) and (b) that the positions of the statistical curve peaks all shi to smaller angles. The heights of the peaks all rise with the increase in the number of added Mg 2+ ions and the application of an electrostatic eld. Both the electrostatic eld and Mg
2+
ions can change the distribution of the hydrogen bond angle and make the average hydrogen bond angle smaller. It means that the Mg 2+ and the electrostatic eld can enhance the hydrogen bonding between water molecules to a certain extent.
In the present study the number of hydrogen bonds (n HB ) and the percentage of water molecules with n hydrogen bonds (f n ) are also investigated. The f n and n HB in CaCl 2 aqueous solutions without Mg 2+ ions added (0M), with ten Mg 2+ ions added (1M), with twenty Mg 2+ ions added (2M) and with thirty Mg 2+ ions added (3M) are listed in Table 4 . In addition, the inuence of the electrostatic eld is also presented. According to Table 4 , the electrostatic eld can decrease the fraction of molecules having no hydrogen bonds, while it can increase the fraction of molecules having one to three hydrogen bonds and the average number of hydrogen bonds per water molecule whether Mg 2+ is added or not. The reduction of f 0 and the increase of n HB , f 1 , f 2 , and f 3 show that the activity of water molecules is restrained and more water molecules shi from a free state to a hydrogen-bonded state, which means that the hydrogen bonding of water molecules was enhanced by the electrostatic eld. The results in Table 4 also show that the Mg 2+ ions can increase f 0 and decrease n HB , f 1 , f 2 , and f 3 whether the electrostatic eld is applied or not. Furthermore, f 0 increases with the increase in the number of Mg 2+ ions added, and n HB , f 1 , f 2 , and f 3 decrease with the increase in the number of Mg 2+ ions added to the CaCl 2 systems. The electrostatic eld of ions can inuence the hydrogen bond structure when water molecules are in the vicinity of cations that do not form any hydrogen bonds. The water molecules in the cation hydration shells are also held through ion-dipole interactions. 44 When the cation is present, more non hydrogen-bonded water molecules stay in the ion hydration shell due to attractive ion-dipole interactions. The number of water molecules bound by hydrogen bonding decreases. Then a smaller number of hydrogen bonds are formed, the fraction of molecules having no hydrogen bonds increases, and the fraction of molecules having one to three hydrogen bonds and the average number of hydrogen bonds per water molecule decrease.
3.4.2 Hydrogen bond lifetime. Hydrogen bond strength can be evaluated by calculating the lifetime of hydrogen bonds. It is a positive correlation between the lifetime of hydrogen bonds and the hydrogen bond strength. 41 Since the water molecules are in rapid vibration, the hydrogen-bonded water molecules break at a certain time and then form hydrogen bonds with other water molecules. 45 The hydrogen bond lifetime is a parameter that measures the different hydrogen bond lifetimes in different states throughout the dynamic process.
The lifetime of hydrogen bonds (s HB ) can be calculated using eqn (7):
where C(s) is the hydrogen bond correlation function. The C(s) is dened as:
where h i (t) ¼ {0, 1} is the Heaviside unit step function, and it means that if two molecules formed hydrogen bonds at time 0 and t, the function value is 1, and otherwise 0. According to Table 5 , the electrostatic eld increases the average lifetime of the hydrogen bond whether Mg 2+ is added or not. The increase of s due to the hydrogen bonding of water molecules is enhanced by the electrostatic eld as discussed earlier.
In addition, the results in Table 5 show that the Mg 2+ ions can increase the average lifetime of the hydrogen bond.
The hydrogen bond formed in the cationic water shell is relatively strong. 46 Therefore, the addition of Mg 2+ can cause more water shells to form with water molecules which increases the average lifetime of the hydrogen bond.
Structure parameters
In this section, the average radii of the rst water shell of Ca 
where N A is the quantity of particle A, and N B is the quantity of particle B; hr B (r)i is the particle density of particle B at a distance r from particle A, and hr B (r)i local is the particle density of particle B averaged over all spheres around particle A with radius r max . Usually the value of r max is half of the minimum box length. The value of n Ca-O is calculated using eqn (10)
For n Ca-O , r s is the location of the rst local minimum of g CaO (r). Table 5 show that the electrostatic eld can make the radii of the rst water shell of Ca 2+ smaller.
According to According to Table 6 , compared with the structure parameters under no electrostatic eld, the values of R Ca-O are smaller and the values of n Ca-O are larger under the electrostatic eld, which means that an electrostatic eld can not only make the Ca 2+ ions and water molecules gather more compactly but it can also increase the number of coordinated water molecules when no, ten or twenty Mg 2+ ions are added in it. Therefore when there is an electrostatic eld, the decrease of R Ca-O and the increase of n Ca-O all can be attributed to the enhanced hydration between Ca 2+ ions and water molecules. The enhanced electrostatic interaction not only causes the hydrated water molecules to be closer to Ca 2+ but also attracts more water molecules as coordinated water molecules. The increase of the rst water coordination number of Ca 2+ ions enhances their inhibition to carbonate ions, which shows that the electrostatic eld decreases the formation probability of the calcium carbonate precipitate.
Conclusions
The inuences of Mg 2+ ions and the electrostatic eld on CaCl 2 aqueous solutions were studied. The effects of different numbers of Mg 2+ ions were compared and the anti-fouling performance under the inuence of an electrostatic eld and under no electrostatic eld was compared, and the structural changes and dynamic properties of CaCl 2 aqueous solutions under the electrostatic eld were researched by a systematic long-time, equilibrium molecular dynamics simulation. Some important conclusions were obtained. The more Mg 2+ ions are added, the bigger the average lifetime of hydrogen bonds is, and the bigger the mean dynamical residence time of water around Ca 2+ ions is. The electrostatic eld enhances the hydrogen bonding between water molecules which reects in the decrease of the average hydrogen bond angles, the increase in the number of hydrogen bonds, and the average lifetime of hydrogen bonds. Electrostatic elds can decrease the radii of the rst water shell of hydrated Ca 2+ ions. Under the action of an electrostatic eld, regardless of whether or not Mg 2+ ions exist, the ratio of free water molecules in the calcium chloride solution decreased and the binding force of the hydrated calcium ions to the surrounding water molecule is enhanced.
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